Magnetic circular dichroism (MCD) spectra, at ultraviolet-visible or near-infrared wavelengths (185-2000 nm), contain the same transitions observed in conventional absorbance spectroscopy, but their bisignate nature and more stringent selection rules provide greatly enhanced resolution. Thus, they have proved to be invaluable in the study of many transition metal-containing proteins. For mainly technical reasons, MCD has been limited almost exclusively to the measurement of static samples. But the ability to employ the resolving power of MCD to follow changes at transition metal sites would be a potentially significant advance. We describe here the development of a cuvette holder that allows reagent injection and sample mixing within the 50-mm-diameter ambient temperature bore of an energized superconducting solenoid. This has allowed us, for the first time, to monitor time-resolved MCD resulting from in situ chemical manipulation of a metalloprotein sample. Furthermore, we report the parallel development of an electrochemical cell using a three-electrode configuration with physically separated working and counter electrodes, allowing true potentiometric titration to be performed within the bore of the MCD solenoid.
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Magnetic circular dichroism (MCD) 1 spectroscopy, at ultraviolet-visible and near-infrared wavelengths (185-2000 nm), has proved to be invaluable in the study of metalloproteins containing cofactors such as heme [1] [2] [3] , non-heme iron [4] , iron-sulfur clusters [5] [6] [7] [8] , cobalt [9, 10] , nickel [11] [12] [13] , and copper [14, 15] . The technique measures the apparent circular dichroism (CD) induced by a magnetic field [16] . Despite similarities in the instrumentation used, the observation of MCD is not dependent on the chirality of the protein; the method is equally applicable to racemic model complexes [17] . The magnetic field will always induce signals across wavelengths at which the substance absorbs. Thus, MCD spectra contain the same electronic transitions observed in conventional absorbance spectroscopy, but the bisignate nature of the spectrum provides enhanced resolution and greater detail. This spectral detail offers an unmatched fingerprinting capability that can, for example, identify the spin and oxidation states of heme groups [1] and distinguish among the variety of iron-sulfur centers found in biological molecules [18] [19] [20] .
Metalloprotein MCD can be measured at ambient or cryogenic temperatures. The latter requires adulteration with glassing agents [16] but has generally been preferred because MCD intensity from paramagnetic centers increases dramatically at low temperature. Thus, most metalloprotein MCD reported has been measured in glasses at temperatures of approximately 4.2 K. Hemoproteins represent the significant exception, giving rise to appreciable MCD at high temperatures [1] . Thus, ambient temperature MCD is used to diagnose spin state, oxidation state, and (in the case of low-spin Fe(III) hemes) axial ligation [21] .
As with many techniques, much valuable information is to be gained from the ability to follow spectral perturbations that report on changes at the metal center. This includes equilibrium studies (chemical or redox titrations) as well as kinetic measurements. For technical reasons, such use of MCD has been limited almost exclusively to the measurement of series of static samples. Limited time domain studies have been achieved using a freeze-quench approach; samples can be frozen in approximately 30 s after preparation [22, 23] . Alternatively, reacting aqueous samples can be quenched in cold liquids such as isopentane and, with considerable effort, packed into quartz tubes for electron paramagnetic resonance (EPR) [24] . However, this method presents additional challenges for MCD because achieving an optically transparent 0003-2697/$ -see front matter Ó 2011 Elsevier Inc. All rights reserved. doi:10.1016/j.ab.2011.07.030 sample requires mixing with glycerol at À30°C to form a slurry. Although these multiple-sample methods can be used to chart changes at metal sites by MCD, they suffer from significant disadvantages. Large amounts of material are consumed, and they are extremely low throughput with, at best, two or three samples processed per day. Thus, it is difficult to monitor time-dependent events with useful resolution.
Similar problems beset MCD-monitored redox titrations. Multiple samples can be electrochemically poised and frozen for measurements. But again sample consumption is high, throughput is low, and drifts in potential can occur during the freezing process. We previously developed a method by which MCD could be used to probe the nature of a metalloprotein sample poised in situ at defined electrochemical potential [25] . The method, MCD-monitored optically transparent thin layer electrochemistry (MOTTLE), uses a three-electrode cell in a quartz cuvette, including an optically transparent working electrode. The shortest dimension of the cell by far is in the direction of the light path (0.5-1.0 mm). Diffusion allows the sample to come to pseudo-equilibrium with applied potential because the distance between transparent faces of the cell and the working electrode (0.25-0.5 mm) is far shorter than the separation of working and counter electrodes ($5.0 mm). This configuration of MOTTLE has already made significant contributions to the understanding of hemoproteins, especially those containing multiple cofactors [26, 27] .
The ability to use ambient temperature MCD to follow reactions initiated by in situ mixing of reagents would represent a significant advance. This requires reagent injection lines and a non-magnetic stirring mechanism sited inside the bore of a superconducting solenoid. A stirring mechanism would also require larger volume and longer pathlength cuvettes. However, this is also a prerequisite for physical separation of counter and working electrodes, a modification of MOTTLE that would allow true equilibrium to be reached at times minimized by the stirring. Longer pathlengths, especially if combined with stronger magnetic fields, would also increase MCD signal magnitude, facilitating the study of cofactors other than heme.
Such developments have previously been precluded by the solenoid bore diameter (25 mm). Stirring and injection mechanisms cannot be constructed in this limited space. Consequently, we have commissioned a superconducting solenoid that gives magnetic fields of up to 8 Tesla (T) and is fitted with a room temperature (RT) bore of 50 mm diameter. We report here the design, construction, and performance of apparatus that allows realization of the twin aims of in situ triggering of reactions followed by time-resolved RT MCD and enhanced potentiometric performance with stirred electrochemical cells.
Materials and methods
MCD spectra were recorded using a Jasco J-810 spectropolarimeter with the sample located in an 8-T magnetic field within the ambient temperature bore of an Oxford Instruments Special Spectromag 1000 superconducting solenoid. Absorbance spectra were recorded using a Hitachi U-2900 spectrometer. All potentiometric and voltammetric measurements were performed using an Autolab PGSTAT12 instrument controlled by GPES software. Calibration of the Ag/AgCl reference electrode was as described previously [25] .
Redox cycling of Paracoccus pantotrophus cd 1
Cytochrome cd 1 (cd 1 ) was expressed and purified using established protocols [28] . Protein concentration was determined by electronic absorbance spectroscopy of the oxidized form using e 406 nm = 143,000 M À1 cm À1 per monomeric unit [29] . In situ injection of aliquots of reagent into a cuvette positioned in the bore of the superconducting solenoid was achieved using flexible cannulas. These were loaded with anaerobic reagents while in an N 2 -filled chamber (O 2 < 5 ppm). Aliquots of reagent were loaded into the cannulas from a gas-tight syringe and were alternated with 5-ll aliquots of buffer. Sufficient nitrogen gas was drawn into the cannulas between reagent aliquots such that depression of the plunger to expel a total of 50 ll of gas and liquid from the barrel would deliver an accurately known volume (typically 1-3 ll) of reagent into the MCD cell. Cannulas were threaded through access channels in a purpose-built cuvette holder, and the tips were introduced into the cuvette through a Teflon lid (apparatus described below). The entire assembly was then removed from the N 2 chamber and immediately inserted into the bore of the solenoid. Insertion of a cannula provided a continuous flow of N 2 gas (humidified to prevent evaporation from sample) to drive a stirring mechanism and to remove dioxygen from the bore. Any trace oxygen inadvertently introduced during transfer was removed by stirring the sample under a flow of N 2 while the solenoid was charged ($10 min). The dimensions of the cell holder and cannulas were such that, once in place in the magnet bore, the entire length of the injection lines containing reagent were located within the region purged with nitrogen gas to maintain their anaerobicity.
Potentiometry of P. pantotrophus pseudoazurin and horse heart cytochrome c
Horse heart cytochrome c (Acros Organics) was used without further purification. Concentrations were determined by electronic absorbance spectroscopy using e 410 = 106,100 M À1 cm À1 for the Fe(III) state [30] . MCD-monitored potentiometric titrations were performed on cytochrome c samples of 6 lM concentration in 20 mM Hepes and 50 mM KCl (pH 7.4) containing the following mediators (each at 4 lM concentration): potassium ferricyanide, phenazine methosulfate, tetramethyl-p-phenylene diamine, anthraquinone-2,6-disulfonic acid, 2-anthraquinone sulfonic acid, 2-methyl-1,4-naphthoquinone, and tetramethyl-p-benzoquinone. Pseudoazurin (Paz) from P. pantotrophus was obtained as a byproduct of the purification of cd 1 [28] .
Concentrations were determined by electronic absorbance spectroscopy of the oxidized form using e 590nm = 3000 M methosulfate, tetramethyl-p-phenylene diamine, methyl-1,4-naphthoquinone, and tetramethyl-p-benzoquinone. For both CD-and MCD-monitored potentiometric titrations, the sample was equilibrated at a set potential until both the spectral response at a fixed wavelength (550 nm for cytochrome c and 470 nm for Paz) and the current flowing in the cell became invariant with time. A full-wavelength scan was then recorded while monitoring the stability of the potential in the cell using the galvanostat mode of the Autolab PGSTAT.
Results

Construction of cell assembly
The apparatus was designed to position variable-pathlength cuvettes in the center of the solenoid, incorporating reagent delivery and stirring mechanisms while maintaining the bore anaerobic. For operation in the bore of the solenoid, the stirring mechanism must be metal free. A system for stirring cuvettes of 10 mm pathlength, 10 mm width, and 16 mm depth was constructed inhouse (Fig. 1A) . This comprised a six-bladed polystyrene stirrer of 3 mm diameter attached to a polystyrene rod of 1 mm diameter and 15 mm length. The rod passed through a hole in a Teflon sheet, forming the lid of the cuvette, and was held in place by two Teflon rings, one above the lid and one below it. An impeller was constructed from four pieces of Teflon (6 mm high by 3 mm wide by 1 mm thick) glued to the length of rod that protrudes through the lid. The entire cuvette assembly was transferred into an N 2 -filled chamber to be filled with anaerobic aqueous solutions of the sample protein. The loaded cuvette was then clamped into a bespoke holder manufactured from nylon by the mechanical workshop of the University of East Anglia (Fig. 1B and C) . The cuvette lid and stirring mechanism were affixed by coating the top of the cuvette with a thin layer of vacuum grease.
The cuvette holder, approximately 12 cm in length, allows cuvettes of 0.5-10 mm pathlength to be clamped between circular plates with cut-away sections, allowing optical access. These plates are attached to a cylinder that, when inserted into the solenoid bore, places the cuvette in the center of the magnetic field while maintaining optical access and providing mechanical support for cannulas and electrical connections. Once loaded with cuvette and reagent lines, the holder is transferred from the N 2 chamber and placed in the solenoid bore (Fig. 1C) . Gas-tight seals are provided by neoprene O-rings; one sits between the cuvette holder and the inside of the bore (Fig. 1C) , and the other sits between the outer face of the holder and the quartz window (Fig. 1B) . The opposite end of the bore is sealed by a nylon plug with a quartz window (Fig. 1C) . The impeller is driven by humidified N 2 gas delivered by a cannula threaded through an access channel in the cuvette holder. A 2-mm hole in the nylon plug provides an exit route for the gas that also serves to maintain anaerobicity within the bore. This arrangement removes the requirement for a gastight cuvette lid for anaerobic studies, greatly simplifying the construction. Further access channels in the cuvette holder allow reagent lines and electrical connections to reach the cuvette. Entrances to the access channels are sealed with vacuum grease to minimize oxygen leakage into the bore.
Assessing the efficiency of reagent injection and stirring mechanisms
The efficiency of the stirring and reagent injection mechanisms was assessed by in situ reduction and partial reoxidation of the soluble dimeric nitrite reductase, cd 1 from P. pantotrophus, the MCD and redox properties of which are well understood [32, 33] . As purified, the cd 1 monomer contains two Fe(III) hemes, c and d 1 . Heme d 1 is axially coordinated by tyrosinate (Tyr À ) and histidine and exists in a thermal equilibrium between low-and high-spin states [32, 34] . The high-spin state gives rise to a characteristic electronic absorption at 702 nm. This appears in the ambient temperature MCD as a bisignate feature with a peak and a trough at approximately 670 and 700 nm, respectively, and is a marker band for the oxidized as-prepared form [32, 34] . Importantly, reduced cd 1 is rapidly reoxidized by dioxygen, with the return of the 670/ 700-nm feature. Indeed, cd 1 was originally reported for this activity in the belief that it was a cytochrome oxidase [35] .
The stirred cuvette containing an anaerobic sample of oxidized cd 1 was attached to the cell holder, and this was placed in the bore of the solenoid. The solenoid was energized, and the MCD spectrum was recorded ( Fig. 2A, solid line) . Approximately two reducing equivalents per monomer were injected into the stirred cell as an aliquot of aqueous buffered sodium dithionite from a preloaded injection line. The MCD spectrum was recorded, and the degree of reduction was calculated. A further small aliquot of dithionite, sufficient to complete the reduction, was added. The resulting MCD spectrum ( Fig. 2A, dashed line) is that of fully reduced cd 1 [36] . Bands in the 560-to 700-nm region are due to high-spin Fe(II) heme d 1 from which the Tyr À ligand has dissociated. The sharp intense bisignate feature at 544-550 nm arises from low-spin Fe(II) heme c [1] .
The MCD intensity at 550 nm was then recorded as a function of time (Fig. 2B, open circles) . After 50 s, a molar equivalent of nitrite was injected from a second line, triggering an immediate decrease in the MCD signal. The time-dependent loss of intensity could be fitted to the sum of two exponential processes (Fig. 2B, solid line) . The faster process was described by an effective first-order rate constant of 0.5 s À1 and accounted for loss of the majority of intensity at 550 nm. The second, slower process accounting for smaller loss of intensity was described by an exponential function with a first-order rate constant of 0.028 s À1 . When no further changes were observed, the visible region MCD spectrum was recorded ( Fig. 2A, dotted line) . The virtual disappearance of the bisignate 544-to 550-nm feature is consistent with reoxidation of heme c to the Fe(III) state. However, levels of the 670/700-nm bisignate feature are negligible; there has been no return to the Tyr Exposure to air leads, within seconds, to the brown color characteristic of the oxidized as-prepared form.
At the pH of this experiment, the reaction of reduced cd 1 with nitrite is rapid. In nitrite reductase assays, turnover occurs at approximately 10 2 s À1 [37] . Fourier transform infrared (FTIR) studies show that the initial reaction with nitrite proceeds with k > 500 s À1 and a subsequent rearrangement occurs in approximately 40 ms [38] . Both steps are extremely rapid compared with the apparent first-order rate measured by the collapse of the 544-to 550-nm MCD feature in this experiment (0.5 s À1 ). Therefore, this figure of 0.5 s À1 reports on the rate of reagent mixing in our device; that is, mixing is achieved with a time constant of 2 s. This conclusion is supported by the near identical rate (0.6 s
À1
) measured for the rate of cytochrome c reduction by dithionite using the same apparatus (data not shown). The minority slower phase of change at 544-550 nm reports on events specific to cd 1 that are being further investigated.
These results demonstrate the efficient basic functioning of the device designed for operation within the solenoid bore. Precise quantities of aqueous reagent, here reducing agent and substrate, can be delivered to the sample as required. The cd 1 can be stoichiometrically reduced and subsequently reacted with one molar equivalent of nitrite without reemergence of the 670/700-nm MCD feature, testifying to the fact that the sample, and the reagent delivery tubes, can be maintained and manipulated within a strictly anaerobic environment. The stirring mechanism was operating continuously during acquisition without detriment to the quality of spectra and was shown to completely mix reagents with the sample at a rate of 0.5 s
.
Incorporation of a stirred electrochemical cell
Minor modification of the cuvette lid described allowed a threeelectrode cell configuration with physical separation of counter and working electrodes (Fig. 1A) . A coil of platinum wire forms the counter electrode and is separated from the sample by a Vycor frit enclosed in heat-shrink tubing and filled with buffer-electrolyte solution. This was immersed in the sample via a hole in the lid positioned such that the assembly does not impinge on the light path. Additional holes bored through the lid allowed a silver/ silver chloride reference electrode and working electrode to be connected to wires leading to a potentiostat. The working electrode was a gold foil ''flag'' of approximate dimensions 9 Â 9 Â 0.5 mm, arranged such that the shortest dimension lay parallel to the transparent faces of the cuvette. Both the reference and working electrodes were positioned out of the light path.
Testing of electrochemical cell by potentiometric titrations of heme and copper centers: cytochrome c and Paz
The MCD of a solution of cytochrome c initially poised at +540 mV was dominated by a bisignate feature centered at 407 nm, typical of low-spin Fe(III) heme (Fig. 3A, solid black line) . On equilibrating the sample at a series of increasingly negative potentials down to À149 mV, this was gradually replaced by an asymmetric bisignate feature at 419 nm and a sharp bisignate at 545 nm that together constitute the MCD of low-spin Fe(II) heme. Simple interconversion was indicated by isosbestic points at 405 and 424 nm. Full reduction of the sample was confirmed by the relative intensities of the 400-and 413-nm peaks at high and low potentials, respectively [25] . The final spectrum of the reduced form is shown as the dashed black line in Fig. 3 . The variation in peak-to-trough intensity of the 545-nm band with applied potential (Fig. 3B, open circles) was well described by the Nernst equation for a one-electron process with a midpoint potential of +280 mV versus the standard hydrogen electrode (SHE). The same midpoint potential described equally well the spectral changes DDe (400-405 nm) , the diminishing Fe(III) peak referenced to the isosbestic point (Fig. 3B, solid circles) . This midpoint potential is in good agreement with values reported previously [25, 39] .
Paz of P. pantotrophus was chosen to investigate the suitability of the apparatus to monitor, by RT MCD, the potentiometry of cofactors other than heme. Paz contains a single type I ''blue copper'' center, a cofactor involved in a variety of biological electron transfer processes. The characteristic blue color is a result of charge transfer transitions from a coordinating cysteinate sulfur atom to the d 9 Cu(II) ion [40] . One-electron reduction to the Cu(I) (d 10 ) precludes charge transfer and bleaches the color, abolishing both CD and MCD. Ambient temperature CD and MCD of Paz, recorded across the visible region (not shown), were consistent with previous reports for blue copper centers in that the MCD is significantly lower in intensity than the natural CD [41] . The CD results from chirality of ligand conformation at Cu(II), but the orbital angular momentum required for MCD is almost completely quenched. This situation is reversed for the high-symmetry achiral heme chromophore, which relies for its weak CD on a small degree of chirality imposed by the surrounding amino acid side chains. But porphyrin-excited states involved in electronic transitions possess significant orbital angular momentum, leading to intense MCD. Therefore, in terms of resolving optical bands, MCD offers no advantages; the oxidation state of a type I copper center is more easily monitored using the natural CD. This spectroscopic contrast between heme and type I copper potentially allows discrimination in samples containing both centers. The MCD and absorbance of heme is such that it would render spectra of type I copper impossible to detect in such samples containing equimolar levels. Therefore, the combined in situ use of CD and MCD in electrochemical titrations may provide an efficient method of deconvoluting spectral responses from a variety of multicenter enzymes that contain both copper and heme [42] [43] [44] . The disparity between CD and MCD intensities of heme and blue copper centers is also observed between heme and the dinuclear Cu A site found in the heme copper oxidases and nitrous oxide reductase [45] [46] [47] .
The MCD and CD spectra of a sample containing approximately equimolar cytochrome c and Paz were measured with the sample fully oxidized and fully reduced. In both oxidation states, the MCD observed was essentially that of cytochrome c, as already shown in Fig. 3 ; the response from Paz is too weak to be observed in the presence of intense heme bands. CD spectra of the oxidized and reduced forms of the mixture are shown in Fig. 4A . The CD of the oxidized mixture is now predominantly that of Cu(II) Paz, with minimal contributions from cytochrome c near 410 nm. In a sample containing equimolar heme and type I copper chromophores, overall concentration will be limited by the intense absorption of the former. The ability of the CD spectrum to probe effectively the redox properties of type I copper at these concentrations was demonstrated by using CD to monitor a potentiometric titration of Paz. Titrations were performed in both the reductive and oxidative directions, confirming that loss of CD intensity on reduction was not due to denaturation of the type I site. CD spectra recorded during the reductive phase are shown in Fig. 4B . A plot of peak-to-trough intensity DDe (395-465 nm) versus potential was well described by the Nernst equation for an n = 1 center with a midpoint potential of +265 mV versus SHE (Fig. 4C) and again was in good agreement with values reported previously [48] .
Equilibration of both cytochrome c and Paz with applied potential occurred within 20-60 min. This compares favorably with the equilibration times of the previous generation of electrochemical MCD cells and is sufficient to allow the measurement of a potentiometric titration in both the oxidative and reductive directions in a single day despite the order of magnitude increase in pathlength. 
Discussion
We were able to monitor time-resolved MCD signals resulting from in situ chemical manipulation of a metalloprotein sample for the first time. This was achieved by developing a cuvette-positioning apparatus that allows reagent injection and sample mixing within the 50-mm-diameter bore of an energized superconducting magnet. The injection system is capable of accurately delivering small volumes (0.5 ll) of reagent into the sample (typically 1300 ll). Thus, dilution is minimal, a critical feature for sequential or repeated reagent additions.
Data acquisition may be simultaneous with reagent injection. The frequency of data collection is determined by the spectrometer and corresponds to a maximum of 10 s À1 when MCD is recorded at a single wavelength with the Jasco J-810 spectropolarimeter used in these studies. Thus, the configuration we report allows the first data point to be measured 0.1 s after reagent injection, although mixing of sample and reagent clearly remains incomplete at this point. Nevertheless, an apparent first-order rate constant of 0.5 s À1 for mixing of sample and injected reagent means that homogeneity of greater than 99% for a 1300-ll sample is achieved within 15 s. Compared with previous methods for accessing timeresolved MCD data by a freeze-quench approach, this represents an improvement of approximately two orders of magnitude in the ''dead time'' prior to which the first representative data point cannot be collected. An additional advantage of the method reported here is that a single sample allows complete resolution of a reaction time course with high fidelity. Finally, and not insignificantly given that many metalloproteins react with oxygen in reactions that mask the reactivity of interest, it is notable that all of this is achieved within a rigorously oxygen-free environment.
The increased volume and stirring capabilities of the newly developed MCD cuvettes offer two immediate benefits to in situ electrochemical sample manipulation. In MOTTLE cells, the electrode is placed in the light path to ensure minimal times for equilibration of the sample by diffusion. With the new cuvettes, there is no longer a requirement for optically transparent electrode materials because the electrode can be placed to one side of the light path. Thus, opaque and high surface area working electrodes can be employed, including those made of graphite or glassy carbon; these offer access to a wider potential window than metal electrodes. Equilibration of the sample and applied potential in the new cuvettes occurs within a timeframe similar to that achieved by MOTTLE cells. However, the new cuvettes allow redox events at the working electrode to be physically separated from the compensating events occurring at the counter electrode that are required to support current flow. This has the significant advantage of minimizing the opportunity for processes at the counter electrode to inadvertently introduce additional reactants into the sample.
Using the rapid reaction of reduced cytochrome cd 1 with nitrite, we measured a slower apparent rate constant of 0.5 s
À1
, thereby defining the efficiency of the mixing mechanism. In principle, metalloprotein events occurring at comparable, or slower, rates will be amenable to study by the reagent-triggered, time-resolved MCD approach presented here. With the ability of the new cuvettes to boost MCD intensity to the extent that centers with weak characteristic MCD signatures such as type I copper are now amenable to study, there are exciting opportunities for applying MCD to study reagent-triggered reactions in a variety of metalloproteins. Developments in these areas will be reported in future articles. Finally, we note that the enhanced capabilities of the cuvettes reported here can also be employed for MCD of heme proteins adsorbed on mesoporous nanocrystalline SnO 2 electrodes [49] . Thus, the introduction of substrate into a stirred solution contacting an adsorbed electroactive protein film offers the prospect of resolving the oxidation, ligation, and spin states of the predominant enzyme form(s) present during steady-state catalysis at defined electrochemical potential. Such experiments are likely to provide valuable insight into the variation of catalytic rate-defining events with applied potential, an area where much remains to be elucidated [50] . 
